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Abstract 
MreB, the actin homolog protein, contributes to determining bacterial cell shape. In 
particular, recent study indicates that MreB segregates the replication origin of the 
bacterial chromosome. To investigate the novel antibiotic A22’s influence on MreB we 
use Caulobacter crescentus as a bacterial target. We characterise the minimum 
inhibitory concentration (MIC) of A22, examine the effect on the morphology changes 
and measure the effect on the DNA synthesis rate. Furthermore, we visualise the 
dynamical rearrangements of GFP-MreB with fluorescence microscope. The results are 
in agreement with recent research demonstrating MreB as the target for A22. 
 
 
 
 
Abstrakt 
Det actinlignende protein MreB har stor betydning for dannelsen af bakteriers 
cellefacon. I særdeleshed har nylige studier indikeret, at MreB segregerer bakterielle 
kromosomers replikationsstart. For at undersøge det mulige fremtidige antibiotikum 
A22’s indflydelse på MreB bruger vi Caulobacter crescentus som det bakterielle mål. 
Vi karakteriserer den mindste hæmmende koncentration (MIC) af A22, undersøger 
effekten på morfologiske forandringer og måler effekten på graden af stofsyntese. 
Yderligere viser vi de dynamiske omlejringer af GFP-MreB ved brug af 
fluorescensmikroskopi. De fremkommende resultater er i overensstemmelse med ny 
forskning, som viser, at MreB er målet for A22. 
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1 Introduction 
1.1 Caulobacter crescentus 
Caulobacter crescentus is a gram-negative, oligotrophic bacterium widely distributed in 
aquatic environments. It undergoes an asymmetric cell division during its cell cycle that 
produces two daughter cells, a swarmer cell and a stalked cell which are physiologically 
and morphologically different (Figure 1). The life cycle starts with the swarmer cell. 
The swarmer cell has a single polar flagellum used for motility. After the obligatory 
swarmer phase, the cell differentiates into a stalked cell while the swarmer cell sheds its 
flagellum and forms a stalk, a thin cylindrical extension of the cell membrane at the pole 
that previously contained the flagellum (Brun, Y. V. et al., 1994). At the same time as 
this morphological transition occurs, the cell initiates DNA replication (Skerker J.M., et 
al., 2004). After initiation a single round of DNA replication ensues. Replication is 
followed by segregation of the daughter chromosomes to opposite ends of the 
predivisional cell. The development of the predivisional cell includes forming a new 
flagellum and pili at the pole opposite the stalk. Once the flagellum and pili are 
complete, cell division proceeds, producing two daughter cells. The stalked cell 
immediately reinitiates another round of DNA replication and the swarmer cell cannot 
start DNA replication until after the swarmer-to-stalked cell differentiation step (Skerker 
J. M. et al., 2005).  
 
 
Figure.1 The cell cycle of Caulobacter showing the two daughter cells, one with a stalk and one with a 
flagellum, which differ in function and structure. (Wagne, C. J. 2004) 
 
1.2 MreB 
For many years, the basis for generation of various cell shapes remained obscure. It 
becomes increasingly clear that the bacterial cell wall, with its peptidoglycan layer is 
important in maintaining the shape of the cell and protecting against osmotic pressure. 
The peptidoglycan is a covalently linked macromolecular structure giving the cell wall 
its strength (Caben, M.T. et al., 2005). 
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Research on E. coli and C. crescentus showed that penicillin-binding proteins (PBPs) 
are supposed to form a complex with peptidoglycan hydrolases, in which each protein 
contributes its specific enzymatic activity to insert and modify new peptidoglycan 
(Figge, R. M. et al., 2004, Vollmer, W. et al.,1999, Schiffer, G. et al., 1999 and Romeis, 
T. et al., 1994). 
MreB, the bacterial actin homologue, was originally discovered as a protein with a 
function in rod shape, as deletion of the E. coli mreB gene resulted in round or irregular 
cell morphology (Doi, M. et al., 1988 and Wachi, M. et al., 1987). According to 
sequenced genomes, mreB is well-presented among bacteria with different cell shapes 
(Figure 2). Presumably this gene appeared early during evolution and was present in a 
distant common ancestor of all bacteria (Errington, J. 2003). By comparing sequences 
and predicted structural motifs, the ATPase domain of MreB has a similar structure to 
that of sugar kinases, Hsp 70 heat-shock proteins and actin (Bork, P. et al., 1992). 
Further examination of the topic using the method of X-ray crystallisation has revealed 
that MreB has structural similarity to actin and the purified MreB can be assembled into 
actin-like filaments (van den Ent, F. et al., 2001). Fluorescence microscopy also showed 
that the MreB appeared to be helical cable-like structures beneath the cytoplasmic 
membrane (Jones, L. J. et al., 2001). MreB is not the only helical protein under the 
membrane layer. Another helical protein called Mbl (MreB-like) was discovered in 
Bacillus subtilis and it is very similar to MreB. It forms a double helix structure with 
many turns within the cell (Jones, L. J. et al., 2001). 
By analogy to models for the role of actin in yeast, MreB and Mbl proteins likely 
play a direct role in controlling bacterial cell shape by influencing the pattern of cell 
wall synthesis. In principle, there are several ways in which control might be exerted. 
First, Mbl could form the shape of the cell from inside and enabling PBPs in the cell 
wall to make new peptidoglycan according to this particular shape. This is maybe not 
optimal in an energetically matter if the cables only are formed intermediary and 
constantly is changed (Errington, J. 2003). Another is that the Mbl cables could specify 
where cell wall synthesis takes place. The cables could localize the enzymes, guiding 
for critical synthetic steps or carry out delivery of necessary precursors (Errington, J. 
2003). Studies in microorganisms show that new materials are incorporated relatively 
diffusely along the entire cylindrical part of the cell wall. This evidence does not 
confirm the theory but late researches using staining methods and fluorescent technique 
shows that B. subtilis incorporates new material in a helical pattern into the cell walls 
(Errington, J., 2003). Since Mbl is an actin analogous in B. subtilis and the function is 
very close to MreB, there is a good reason to draw parallels and the theories for Mbl can 
be applicable to MreB.  
Besides MreB, there are several other proteins participating in determining the cell 
shape. The spherical cell has a protein ring formed by the FtsZ microtubules (Figure 3a) 
and this protein is required for cell division in nearly all bacteria (Jensen, M. J. et al., 
2005). Most cells containing FtsZ as the sole cytoskeletal element are spherical (Caben, 
M.T., Wagner, C. J., 2005). Rod shaped bacteria combines FtsZ with MreB. MreB forms 
helices running by the lengthwise of the cell underneath the cell membrane (Figure 3b).  
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Figure 2 Table of the present and absent MreB in bacteria (Errington, J. 2003) 
 
MreB gives bacteria a structure as if they were stretched from inside. The mre locus in E. 
coli includes not only mreB but also mreC and mreD, which are important for 
maintenance of cell shape (Doi, M. et al., 1988 and Wachi, M. et al., 1987). MreB 
probably interacts with MreC and MreD to form a membrane-bound complex (Kruse, T. 
et al., 2005). Bacteria show crescent shaped morphology such as C. crescentus has the 
proteins FtsZ, MreB and crescentin. Crescentin is an intermediate filament-like protein 
discovered recently. It is known that crescentin determines this special cell shape 
because a mutation in the crescentin-encoding gene creS produces mutant-cells with 
straight-rod morphology. Crescentin exerts its influence on the cell shape on the inner 
curvature of the cells (Figure 3c). The theory is that the helical geometry of crescentin 
structure promotes helical cell growth (Ausmees, N. et al., 2003). 
 
Figure 3 Cytoskeletal elements and cell shape (Caben, M.T., Jacobs-Wagner, C., 2005). 
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Other researches had accomplished to investigate MreB’s function in C. crescentus. 
Immunofluorescence microscopy study demonstrated that MreB is also organized into a 
spiral on C. crescentus (Figge, R. M. et al., 2004). Additionally, deconvolution 
microscopy on live cells revealed that C. crescentus MreB-GFP is organized into a 
spiral consisting of three to four turns along the length of the cell in stalked and 
swarmer cells (Gitai et al., 2004). Further study using time-lapse imaging of 
synchronized C. crescentus cells expressing MreB-GFP showed that MreB undergoes 
dynamically changes during C. crescentus cell cycle. In stalked cells, the MreB spiral 
extends along the entire length of the cell. As the cell grows, the MreB spiral appears to 
condense, localizing to an increasingly restricted zone and ultimately forming a tight 
ring positioned at the future plane of cell division. It’s confirmed that the MreB-GFP at 
the division plane forms a hollow ring. During cell division, the MreB ring begins to 
expand. When cell division is completing, MreB forms a spiral again along the entire 
length of the two daughter cells (Gitai, Z. et al., 2004). 
Faithful chromosome segregation is vital to all organisms. Chromosome segregation 
in eukaryotes is well known and characterized in contrast to chromosome segregation in 
prokaryotes. Eukaryotes use a microtubule-based cytoskeleton system for the 
chromosome dividing. When the replication is completed the chromosome sisters are 
paired and microtubules are attached to specific centromeric chromosomal loci. 
Afterwards the microtubule directs the chromosome migration to opposite poles in the 
cell (Kline-Smith, S. L. et al., 2004). If the principle is the same in prokaryotes, the 
bacterial tubule homolog, FtsZ, should contribute to chromosome segregation. This can 
not be so because a mutant ftsZ gene does not show chromosome segregation defects. 
Further is the localisation of FtsZ in the middle of the cell not suitable with the role of 
chromosome segregation upon different cell poles (Gitai, Z. et al., 2005). Several 
evidences indicate that the actin homolog MreB might be involved in bacterial 
chromosome segregation. Numbers of replication origins are abnormal numerous in 
mreB mutants and also the position of origins are unusual. Consistently, depletion of 
MreB in C. crescentus leads to a rapid defect in chromosome segregation, where 
replication origins fail to localize in a regular bipolar fashion (Gitai, Z. et al., 2004). 
Together with the observation that MreB forms dynamic structure that is continuously 
remodelled throughout the cell cycle in C. crescentus, these results indicate that MreB 
could involve in chromosome segregation. 
Using a system in which the origin and an origin-distal locus were tagged with a 
fluorescent marker enabled to investigate the effect of A22, an inhibitor of MreB, on the 
segregation of these chromosomal regions in live stalked cells. Neither the origin nor 
the origin-distal locus separated into discernible foci in cells treated with A22. 
Importantly, this effect was reversible, as removing the A22 drug restored normal 
chromosome segregation. Additionally, the origin locus segregated successfully when 
A22 was administered to cells with wild-type mreB replaced with A22-resistant alleles, 
confirming that the effect of A22 on chromosome segregation was caused by disruption 
of the MreB filaments (Gitai, Z., et al, 2005). 
Interestingly, when A22 was administered to cells after the origins had been 
duplicated and moved to opposite cell poles, the later segregation of origin-distal 
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regions still proceeded. This result suggests a two-step mechanism for chromosome 
segregation in C. crescentus. First, an MreB-dependent polar segregation of the origin 
region occurs, and then the rest of the chromosome segregates independently of MreB 
(Gitai, Z. et al., 2005).  
 
1.3 A22 
The subject of this project is a small compound by the chemical name of 
S-(3.4-Dichlorobenzyl)-isothiourea; in daily terms, A22. The structure of A22 (Figure 4) 
has a polar and a non-polar part in one molecule. It is dissolvable in water but only at 
low concentrations (2 mg/ml). It is recommendable to dissolve A22 in Dimethyl 
Sulfoxide, DMSO (200 mg/ml).   
 
 
 
Figure 4 The structure of S-(3.4-Dichlorobenzyl)isothiourea  (A22) 
 
A22 was initially discovered as a compand that converted rod-shaped E. coli to round 
cells. The way in which A22 perturbs E. coli morphology is similar to the way in which 
mreB mutants (Iwai et al., 2002). Compared to previous observations in E. coli, recent 
research shows that A22 causes a dose-dependent alternation of C. crescentus 
morphology transforming normal crescent-shaped cells into round lemon-shaped cells 
(Gitai, Z. et al., 2005). The progression of cell shape deformation by A22 treatment was 
similar to that caused by MreB depletion (Figge, R. M. et al., 2004; Gitai, Z. et al., 
2004).  
Further research was carried out to investigate the effect of A22. Screening for A22 
resistant mutants research showed that such mutants, which were stable and insensitive 
with A22 at concentration of 10µg/ml, contain a single missense point mutation in its 
mreB gene. Phage transduction and apramycin selection were performed to replace the 
A22 resistant mreB mutant loci by wild-type mreB. This caused the A22 resistant strains 
to become A22 sensitive. Interestingly, when mreB loci of wild-type strains were 
replaced by the mreB mutant, all of these strains became A22 resistant. Thus, mreB 
missense alleles were apparently necessary and sufficient for A22 resistance (Gitai, Z. et 
al., 2005).  
Additionally, fluorescence microscopy on GFP-MreB expression strains showed that 
GFP-MreB is delocalised by A22. Contrary to this, localisation of the mutated 
GFP-MreB was completely unaffected by A22 treatment. All these results strongly 
suggest that MreB, the bacterial actin homolog, is the target of A22 (Gitai, Z. et al., 
2005). 
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2 Experimental Section 
 
In the Experimental section the laboratory work and the results will be presented. The 
minimum inhibitory concentration (MIC) will be determined. Images will document the 
change of morphology when A22 is added in different doses. C. crescentus with 
GFP-MreB fusion protein will be examined in fluorescence microscope and images will 
be taken. Finally inhibition of replication will be studied.   
 
2.1 Experiment 1: Determination of MIC  
The small compound A22 (S-(3.4-dichlorobenzyl)Isothiourea) was recently identified as 
an inhibitor of MreB, the essential bacterial cell cycle protein, and could therefore 
potentially develop into a novel antibiotic. In this experiment we will determine the 
MIC of A22 in two different culture mediums.  
The MIC is the lowest concentration of an antimicrobial component inhibiting the 
growth of microorganisms. It is most often used as a research tool to determine the in 
vitro activity of new antimicrobials (Andrews, J. M., 2001). In this experiment the MIC 
in PYE (peptone-yeast extract) and M2G (minimum salt-glucose medium) will be 
determined. The MIC of the A22 resistant C. crescentus strain T167A will also be 
determined. Finally the result will be compared with a positive control on C .crescentus 
by using kanamycin, a well-characterised antibiotic. 
 
2.1.1 Experiment and results 
 
Figure 5 Showing the OD of C. crescentus in PYE and M2G. The concentration are, 1.25, 2.5, 5, 10, 20, 
40, 80 µg/ml and 0.16, 0.31, 0.63, 1.25, 2.5, 5, 10 µg/ml respectively. 
 
The plot in figure 5 shows the OD600-concentration curve of C. crescentus treated with 
A22 in two different medium; PYE and M2G. 
The PYE plot shows a steep drop between 2.5 and 5 µg/ml A22. The drop indicates that 
the bacteria have been inhibited in growth at 5 µg/ml. and not at 2.5 µg/ml A22. In the 
PYE medium the MIC is 5 µg/ml. 
The MIC has decreased in the M2G medium. The M2G plot drops between 1.25 and 2.5 
µg/ml A22. The MIC is 2.5 µg/ml corresponding to half the concentration in the PYE.   
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Figure 6 Showing the OD of A22-resistants C. crescentus in PYE and M2G. The concentration are, 1.25, 
2.5, 5, 10, 20, 40, 80 µg/ml in both medium. 
 
The C. crescentus T167A mutant strain is resistant to A22. The resistant crescentus 
plot in the PYE shows that growth decreases slowly starting in the 10 µg/ml 
concentration and is totally inhibited in the 40 µg/ml concentration (Figure 6). Growth 
in the 20 µg/ml concentration is not totally inhibited. To be on the safe side the MIC for 
the T167A resistant strain in the PYE medium is 40µg/ml. 
Previous results showed that the M2G medium makes the C. crescentus more 
sensitive to A22. The same indication occurs with the resistant strain. The OD in the 
M2G plot shows that there is total inhibition in the 10 µg/ml concentration. The MIC is 
four times lower inthe M2G compared to in the PYE and the resistant strain is sensitive 
to A22. 
 
Figure 7 Positive control of C. crescentus treated with kanamycin in PYE and M2G. The concentrations 
are 0.16, 0.31, 0.63, 1.25, 2.5, 5, 10 µg/ml in both medium. 
 
The positive control is made to illustrate how a well-characterised antibiotic function 
impacts the OD measurements. The PYE medium plot shows a decrease between the 
two lowest concentrations of kanamycin. The 0.16 µg/ml has a low growth rate but it is 
not totally inhibited. Therefore the MIC for kanamycin in PYE is 0.31 µg/ml. The M2G 
plot shows a slowly falling rate in OD measurements. The inhibition does not occur 
between two specific concentrations but at several concentrations. The kanamycin in 
M2G inhibits growth completely at a concentration of 5 µg/ml.  
The PYE and M2G medium added with kanamycin show opposite patterns for C. 
crescentus than seen previously. The kanamycin experiment showed that C. crescentus 
is less sensitive in the M2G medium than in the PYE medium. The MIC is 0.32 µg/ml in 
the PYE and 5 µg/ml in the M2G. This is somewhat unexpected since previous results 
(Figure 5 and 6) indicated that the M2G made the bacteria more sensitive to drugs. 
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2.1.2 Sub conclusion 
In a PYE medium the MIC of A22 on C. caulobacter is 5µg/ml while it is 2.5µg/ml in a 
M2G medium. It is obvious that the MIC varies in different mediums. Actually, many 
parameters affect the MIC which is why the MIC is only valid for the specific 
conditions tested. Growing in a rich medium undoubtedly make cells proliferate much 
more rapidly than growing in a minimum medium. The cells in a minimum medium 
have to make all the amino acids necessary for cell growth and nucleosides used for 
DNA synthesis. Therefore it makes sense that the MIC in a rich medium is higher than 
in a minimum medium. The cells use more energy growing in a minimum medium and 
therefore the cells will be more sensitive to an antibiotic in a minimum medium. 
Unexpectedly and for an unknown reason, the kanamycin experiment shows the 
opposite result. 
 
2.2 Experiment 2: Cell growth and morphology 
This experiment is carried out to show the effect of A22 on the morphology of 
Caulobacter crescentus. Different concentrations and the affect on growth and 
morphology will be examined. The influence of A22 over time and optical density (OD) 
will be measured. Images of the cells will be taken by light microscope. 
The A22 molecule is inhibiting the MreB, protein which is very important for 
determining the shape of the cell. A22 is slowing down the cell growth and alters the 
cell shape. Normally the C. crescentus shows crescent-shaped cells but in a dose 
dependent concentration, A22 will alter the shape into round lemon-shaped cells (Gitai, 
Z. et al., 2005). High concentration of A22 inhibits cell growth completely and no 
lemon-shape cells can be observed. This indicates that A22 effect on morphology 
requires cell growth (Gitai, Z. et al., 2005). OD is an indication of the rate of light 
scattering by the cells. The cells are changing shape and the volume is increasing. 
Theoretically, a large lemon-shaped cell will scatter more light compared to the narrow 
crescent-shaped cell but the relationship between OD and size is complicated 
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2.2.1 Experiment and results 
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Figure 8 Growth curve of cells treated for 6 hours with 0, 2.5, 10, 100 µg/ml of A22. 
 
A22 impacts both cell growth and morphology. The plot in figure 8 shows a normal and 
equal growth rate between the 0 and 2.5 µg/ml A22 sample. The increase is almost the 
same but 2.5 µg/ml shows a somewhat lower OD in samples treated for 5 and 6 hours. 
This indicates that A22 exerts its effect on cells at even lower concentration over long 
periods of time. The difference may also be caused by a deviation in our measurement. 
However, this is most likely not the case since literature describes the same tendency 
(Gitai, Z. et al., 2005). The A22 concentration of 10 µg/ml has an unmistakable effect 
on the rate of cell growth. The inhibition occurs after 3 hours treatment and the 4, 5 and 
6 hour samples show significant lower absorption. The 100 µg/ml concentration 
completely blocks the cell growth and the OD does not change during the experiment. 
The cells show no division and there may not be any replication. The plot indicates that 
the effect of 100 µg/ml A22 occurs instantaneously because the OD is not changing 
between samples for 0 and 1 hour treatment. High concentration of A22 impacts the cell 
very rapidly. 
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0 µg/ml A22 0 hours  
    
     
0 µg/ml A22 1 hours  0 µg/ml A22 2 hours 0 µg/ml A22 4 hours 0 µg/ml A22 5 hours  0 µg/ml A22 6 hours 
     
     
2.5 µg/ml A22 1 hours 2.5 µg/ml A22 2 hours 2.5 µg/ml A22 4 hours 2.5 µg/ml A22 5 hours 2.5 µg/ml A22 6 hours 
     
     
10 µg/ml A22 1 hours 10 µg/ml A22 2 hours 10 µg/ml A22 4 hours 10 µg/ml A22 5 hours 10 µg/ml A22 6 hours 
     
     
100 µg/ml A22 1 hours 100 µg/ml A22 2 hours 100 µg/ml A22 4 hours 100 µg/ml A22 5 hours 100 µg/ml A22 6 hours
Figure 9 Images of Caulobacter treated with 0, 2.5, 10, 100 µg/ml A22 for 2, 4, 6 hours. 
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0 µg/ml 
The increase of time dependent OD indicates that the cells are growing and dividing 
(Figure 8). The 0 µg/ml A22 images of the 2-6-hour time samples show the normal 
pattern for C. crescentus morphology (Figure 9, 0 µg/ml). The cell shape is crescent and 
the cells are not changing size or morphology over time. The cells are not stressed and 
they are not under influence of A22 
 
2.5 µg/ml 
The influence of A22 is visualised in the 2.5 µg/ml sample treated for 2 hours. After 
only 2 hours’ treatment the morphology has changed and the cells are lemon-shaped. 
The OD increase may just reflect a change in cell size. 
The lemon-shape is even clearer in the image of the 2.5 µg/ml sample treated for 4 
hours, and black dots have been formed indicating that the cells are dying. The dots may 
be precipitations of DNA and proteins (Jensen, R.B.). The dots are not visible in the 
images of 0 µg/ml A22 samples. This indicates that even a low A22 concentration 
affects the cells, killing them directly or indirectly. The lemon-shape is very clear in the 
image of the 2.5 µg/ml sample treated for 6 hours and the cells look as if they are about 
to lyse. The cells still have the black dots. 
 
10µg/ml 
The 10µg/ml samples treated for 2-6 hours show the same tendency as the 2.5 µg 
sample. The A22 concentration is higher but the symptoms are not intensified. The cells 
are still changing into lemon- shape but not as strongly as for the 2.5 µg/ml samples. 
The black dots indicate that the cells are dying.  
 
100µg/ml 
The high A22 concentration stops cell growth and division. The images show no change 
in cell shape for the 100 µg/ml samples treated for 2-6 hours. The OD is not increasing 
(Figure 8) but remains at the starting level when A22 was added. There is no change in 
morphology (Figure 9,100 µg/ml) indicating that a high A22 concentration could be 
killing the cell.   
 
2.2.2 Sub-conclusion 
The A22 has an effect on C. crescentus. The morphology changes into round 
lemon-shape and high concentrations stop cell growth. The normal doubling time is 2 
hours (Gitai, Z. et al., 2005) and the 10 µg/ml sample clearly inhibits cell growth, 
increasing the doubling time. A 100 µg/ml concentration stops the cell growth and the 
OD remains unchanged. Black dots appearing in cells treated with A22 indicate that the 
cells are stressed and that the A22 is bacteriocidal. Cells with 2.5 µg/ml A22 show the 
clearest change in shape but the OD is still normal. The normal cell cycle allows A22 to 
be absorbed and this pattern confirms that A22 effect on morphology requires cell 
growth. A22 slows down cell growth as the concentration increases leading to 
immediate inhibition at high concentration. Low and high A22 concentrations have 
different and severe effects on Caulobacter crescentus, but A22 will eventually lead to 
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cell death. 
 
2.3 Experiment 3: Fluorescence microscopy  
The purpose of this experiment is to follow the MreB protein in the C. crescentus. The 
bacteria are treated with different A22 concentrations and the effect is monitored in the 
fluorescence microscope. The experiment should visualise whether MreB is the target of 
A22. 
The LS3814 C. crescentus strain has a GFP-MreB (green fluorescent protein) fusion 
protein. Xylose induces the expression of the xylX promoter upstream GFP in LS3814 
(Gitai, Z. et al. 2004) and the green colour makes it possible to monitor the integrated 
location of MreB protein in the fluorescence microscope. Small green dots show the 
part of the spherical MreB protein in focus. If there are single dots it indicates that the 
MreB protein in the cell has shrunk to condense shape. The A22 defuses very fast into 
the cell and consequently the cells do not need to be treated for more than five minutes.     
 
2.3.1 Experiment and results 
 
  
Figure 10 Phase contrast (Left) and fluorescence (Right) images of GFP-MreB-expressing C. crescentus. 
 
In the stalked cell (No.1) dots appeared along the entire length of the cell as well as 
along the swarmer cell (No.2) while in the early predivisional cell (No.4) a condensed 
and bigger dot was found in the middle of the cell. In the late predivisional cell (No.3) 
dots were found along the entire length of both daughter cells, the coming swarmer and 
stalked cell. 
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Figure 11 Phase contrast (Left) and fluorescence (Right) images of GFP-MreB-expressing 
C. crescentus treated with 2.5µg/ml A22 for 5 minutes. 
 
In some swarmer cells and stalked cells (No.1 and No.2) dots were not observed as 
before. It seems as if these dots diffused throughout the cells. Still the predivisional cells 
(No.3) has the condensed dot observed in the middle. 
 
  
Figure 12 Phase contrast (Left) and fluorescence (Right) images of GFP-MreB-expressing 
C. crescentus treated with 10µg/ml A22 for 5 minutes. 
 
  
Figure 13 Phase contrast (Left) and fluorescence (Right) images of GFP-MreB-expressing 
C. crescentus treated with 100µg/ml A22 for 5 minutes. 
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In treatment with 10 or 100 µg/ml A22, most dots disappeared. However, as indicated 
by the arrows small dots were still found in the middle part of the predivisional cells. 
 
2.3.2 Sub-conclusion 
Fluorescence imaging of the MreB in C. crescentus showed the behaviour of MreB in 
the cells. Without A22 MreB localize as previously described. It is organised in an axial 
spiral both in swarmer cells and stalked cells. In predivisional cells it appears to 
condense into a tight ring positioned at the future site of cell division (Gitai, Z. et al., 
2004). When the cells were treated with 2.5 µg/ml A22 the MreB was partly delocalized. 
The picture was more clearly when the cells were treated with 10 or 100 µg/ml A22. 
The characteristic helical pattern of MreB localisation stopped completely although 
some MreB rings still existed (Gitai, Z. et al., 2005).  
 
 
2.4 Experiment 4: DNA Pulse Labelling  
This experiment is carried out to examine the effect of A22 on replication in C. 
crecentus. Culturing cells in different concentrations of A22 will show if there is a dose 
dependent impact on DNA replication and cell cycle progression.   
Single bases or nucleosides are taken up by the cell during replication. The 
replicating cells are marked with radioactive label from a single base (14C Uracil) or 
nucleoside containing tritium (3H). The labelling is detected by a scintillation-counter. If 
the cells incorporate nucleosides into DNA by an exponential rate, the cell replication is 
normal. If the incorporation of nucleosides is decreasing, it indicates that A22 inhibits 
the cell replication.  
 
2.4.1 Experiment and results 
 
Experiment Source Label Results 
4.1 14C-Uracil 14C No absorption, the level was equal to the natural background 
4.2 Deoxycytidine 3H Different starting points. Measurements go up and down. No stable tendency.  
4.3 Deoxythymidine 3H Measurements go up and down. No stable tendency. 
Table 1 Overview of DNA Pulse Labelling experiments 
 
Experiment 4 was repeated several times, starting with 14C-Uracil labelling (4.1). The 
counts were very low and the level equal to the natural background. The reason is most 
likely that C. crecentus cannot efficiently absorb a free base.  
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4.2 DNA Pulse Labeling Counts
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Figure 14 Exp.4.2 Plot of 3H-Deoxycytidine taken up by C. crescentus 
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Figure 15 Exp. 4.2 Control of growth. Curve of cells treated for 6 hours with 0, 2.5, 10, 100 µg/ml of A22 
 
2.4.1.1 Experiment 4.2 
Deoxycytidine was used in Experiment 4.2 and this time we had counts. The results 
showed that the 100µg/ml A22 samples have a significantly lower rate of counts 
compared to the 10, 2.5 and 0 µg/ml A22 concentrations. The plot of OD (Figure 15) 
confirmed previous results (see Figure 8) indicating that the 100 µg/ml concentration of 
A22 cause the cells to die. The 4.2 Pulse Labelling experiment of 100 µg/ml verifies this 
statement due to a decrease in the counts. The nucleosides are only absorbed at a low 
and decreasing rate, indicating that the replication has stopped. The conclusion is that 
A22 seems to inhibit the replication in C. crescentus.   
The 10 µg/ml concentration shows the same tendency but not as distinct. Compared 
to the samples of 0 and 2.5 µg/ml A22 the absorbed labelled nutrition is probably 
inhibited because the counts are lower (Figure 14). The OD measurements also indicate 
inhibition of C. crescentus living in 10 µg/ml. At 3 hours we see a decrease in the 
otherwise increasing rate. The counts are not precise, so it is not possible to make a safe 
conclusion but there is a tendency. The concentration of 10 µg/ml A22 probably inhibits 
 19
the replication. 
The 2.5 µg/ml A22 samples show the same tendency as the control solution of 0 
µg/ml A22 (Figure 14). The OD shows almost the same development with a little 
decrease between 5 and 6 hours (Figure 15). The counts show the same pattern with a 
slight inhibiting at the 6 hours. Also here it should be noted that there is some deviation 
in data, so a safe conclusion should not be drawn but the 2.5 µg/ml A22 may inhibit the 
replication slightly after 6 hours. 
 
2.4.1.2 Experiment 4.3 
Experiment 4.2 was repeated in experiment 4.3 with a few deviations. Deoxythymidine 
was used as label and double samples were pipetted to ensure that counts are the same. 
A zero sample was made to count the radioactive background and the level was 
deducted from the counts. Because the 100 µg/ml measurements are zero or lower, the 
scale of counts is not logarithmic as previous plots (figure?? 4.3 plot). During this 
experiment the vacuum pump was very efficient and made holes in the filters. If the 
hole appears at the beginning of a filtration some sample will be lost leading to a lower 
count. If the hole appears during the washing procedure a substantial amount of labelled 
nucleosides will probably not be lost. Filters with holes and consequences large 
deviation between A and B sample are taken out of the data series. This should prevent 
erroneous data to appear in the final material.  
 
4.3 DNA Pulse Labeling
-50
0
50
100
150
200
250
300
0 1 2 3 4 5 6 7
Hours
C
ou
nt
s
0 ug/ml
2.5 ug/ml
10 ug/ml
100 ug/ml
 
Figure 16 Exp.4.3. Plot of 3H-Deoxythymidine taken up by C. crescentus. 
The data has been reduced with the zero label. 
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4.3 DNA Pulse Labeling OD
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Figure 17 Exp 4.3 Control of growth. Curve of cells treated for 6 hours with 0, 2.5, 10, 100 µg/ml of A22 
 
The starting point of experiment 4.3 was very similar. At time zero the replication 
should be the same for all A22 concentrations. The A22 was just added and the cells 
only incubated for 10 minutes with the label before the NaOH was added and 
incorporation stopped. In such a short time the A22 ought not to show action.  
All measurements were reduced with the zero-label. The plot of 100 µg/ml (Figure 16) 
shows a level around zero during the 6-hour experiment. There is no replication just like 
in experiment 4.2. Experiment 4.3 is generally verifying the results from experiment 4.2 
confirming that 10 µg/ml is probably inhibited and the 2.5µg/ml has a tendency of lower 
counts compared to 0 µ/ml. The plot of OD (Figure 17) is very similar to experiment 4.2. 
This confirms that the results of this method are reproducible. 
 
2.4.1.3 Zero samples and positive controls 
 
sample counts mean
Zero 25  
Zero 38 32 
Positive c. 1037.6  
Positive c. 1031.6 1035 
Table 2 Counts from zero samples and positive control  
 
The zero samples were used to reduce the counts of the sample with mean value 32 
counts/min. It is definitely a high background but the two samples are at level and if it 
causes an error it will be a systematic error for all measurements. 
Positive control indicates the amount of label in 10 µl sample without filtration and 
filter washing. The counts are high with almost no deviation. 
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2.4.1.4 Test of TMP-elution significance 
The counts were not stable in experiment 4.2 and 4.3. In order to optimise the protocol 
of DNA pulse labelling TMP-elution liquid was added to the filters. TMP-elution liquid 
is important in kinetic experiments where scintillation liquid is used. The experiments 
are not the same and other kinds of filters are used in the kinetic experiment, but the 
scintillation liquid is the same in both experiments. The TMP-elution is used to elute the 
phosphorylated radioactive TMP from the filter disks. If the elution is not used 
consequently there will be no counts. The importance of using TMP-elution liquid was 
investigated in a minor DNA pulse labelling experiment. 
 
 NO TMP-elution 0.5 ml. TMP-elution 
Counts # 1 93 196 
Counts # 2 96 126 
mean 95 161 
Table 3 Test the effect of TMP-elution buffer. 
 
Adding TMP-elution to the counting vial before adding scintillation liquid gives higher 
counts. The vials without TMP are stable and the mean value is 95 counts/min. In 
contrast the counting vials with TMP-elution added show much higher counts and the 
mean value is 161 counts/min. The two samples with TMP-elution show high deviation 
indicating that the counts are still going up and down. This result indicates that using 
TMP does not solve the problem with varying counts and that other initiatives are 
necessary before the experiment is completed.   
 
2.4.2 Sub-conclusion 
Replication is affected by A22. The experiment has been repeated twice and the results 
show the same patterns. The use of cytidine and thymidine has not changed the patterns 
either. The concentration of A22 added to the medium is important for the rate of 
replication. Concentrations at 0 µg/ml and 2.5 µg/ml show the same increasing rate 
though the 2.5 sample slightly lacks incorporation after 6 hours. The 2.5 µg/ml OD 
measurement at 6 hours has also decreased slightly indicating some inhibition at low 
A22 concentrations. 
The 10 µg/ml concentration has a much more severe effect. The incorporation of 
nucleosides is lowered meaning that the replication is affected and the plot (Figure 16) 
emphasises that there is a difference in the replication level.  The 100 µg/ml 
concentration stops replication completely. Deducting the zero-label from the counts 
results in approx. zero counts/minutes. 
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3 Discussion  
To investigate the influence of A22 on the C. crescentus we focused on the single 
experiment without drawing parallels to literature. In the discussion we will attempt to 
draw a parallel to articles and discuss the specific concentration throughout all four 
experiments. 
 
0 µg/ml. 
Bacteria show an exponential growth rate and for C. crescentus the doubling time is 
about 2 hours. The bacterium has a crescent shape and the morphology does not change. 
The measurement of replication shows an increasing trend because the cells are growing 
and there are thus more cells to use labelled nucleosides for DNA replication. Looking 
at the GFP-MreB fusion protein in the fluorescence microscopy confirms the theory 
about MreB as a spherical shaped protein stretched from pole to pole in the cell. The 
small fluorescence dots indicate the spherical patterns because the microscope is only 
able to focus on one level and consequently “cuts off” the rest of the spiral.  
 
2.5 µg/ml.    
The same experiments are performed on C. crescentus treated with 2.5 µg/ml A22 and 
the effect of adding A22 is obvious. The results from adding A22 occur in three 
experiments but the OD measurement is normal. The MIC was calculated to be 2.5 
µg/ml in the M2G medium; consequently almost no cells will grow at this concentration. 
Unfortunately the time dependent OD experiment showed that the growth rate was 
almost the same between the 0 µg/ml and the 2.5 µg/ml A22. The growth was still 
exponential and the slope looks like the one for 0 µg/ml. The last sample at 6 hours is 
dropping a little and this could indicate a time dependent lack in the effect of low 
concentrations A22. The MIC experiment was grown over night and therefore the 
influence on the cells may not be comparable with the short 6-hour experiment. The 
slight drop is also observed in the article written by Gitai et al. (2005). The experiment 
of following the morphology is much more affected by the concentration of 2.5 µg/ml. 2 
hours of treatment is enough and the cell morphology has visibly changed. Gitai et al. 
(2005) has 2-hour images showing that cells in 10 µg/ml medium change morphology. 
This supports our result and indicates that 2 hours’ treatment is sufficient to change the 
morphology of C. crescentus. Obviously, our results show the change at much lower 
concentration. The protocol for DNA pulse labelling is not optimised and some 
adjustments must be made. The counts appearing from replicating nucleosides in a 2.5 
µg/ml A22 medium indicate that the level is almost the same as if no A22 was added. 
The counts have decreased to a slightly lower level suggesting that the normal 
replication was disturbed. Furthermore images taken by fluorescence microscopy 
support the presumption of a disturbed MreB. The dots do not appear along the entire 
length in the cell but have condensed into 1 or 2 concentrated dots or simply diffused 
throughout the cell. Gitai et al. (2005) also carried out fluorescence microscopy 
although the experiment is not the same. Gitai shows the same patterns of spherical 
MreB treated with A22 for a short time turning into concentrated dots. Gitai does not 
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describe black dots appearing in the cells as we saw in our images and the explanation 
to the black dots could be that the cells are dying. 
 
10 µg/ml 
The results from the 10 µg/ml A22 experiment are even more distinct. The slope of the 
OD growth curve has decreased and there is a distinct difference between untreated and 
treated cells. The 10 µg/ml concentration also changes the morphology into 
lemon-shaped cells like the 2.5 µg/ml concentration.  Interestingly, the 2.5 µg/ml 
concentration did not change the slope of the OD curve but only changed the cell shape. 
This indicates that a drastic change in morphology is not necessarily bactericidal for the 
cell and the cell is still able to go through a normal cell cycle. When the concentration is 
increased some secondary target are affected and the normal cell cycle is disturbed. The 
DNA labelling confirms that the cells are disturbed by the 10 µg/ml A22 concentration. 
The incorporation of nucleosides has lowered meaning that the replication is affected 
and does not work as efficiently as it should. The images showed black dots that could 
be appearing from precipitating macromolecules indicating that the cells are dying. If 
the cells are dying the lack in OD and replication could be causing that. The images 
from fluorescence microscopy showed one bright dot located in the middle of the cell 
and that indicates that the MreB has condensed. 
 
100 µg/ml 
The 100 µg/ml A22 is a high concentration and the C. crescentus are probably killed. 
There is no growth because the OD has the same level during the 6-hour experiment. 
Moreover the morphology does not change at this high concentration. The cells do not 
replicate either which is seen from the fact that there are no counts appearing from 
replicated nucleosides. No increasing OD, no change of morphology and no replication 
show that the cells are dead and that it happened very quickly. 
 
Apparently in our experiments, A22 did block the replication. The article by Gitai et al. 
(2005) only measured a slightly delayed replication initiation. Gitai’s experiments were 
done with synchronised cultures at different points in the cell cycle so the two different 
experiments cannot easily be compared. However, it is interesting that the results are 
quite opposite and the question of A22’s effect on replication is not definitely proven 
and needs more research. 
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4 Conclusion 
The MIC experiment illustrates that the inhibitory effect of A22 is dose dependent High 
concentration of A22 is lethal. MIC is dependent on the growth media. The article 
describes how Gitai et al (2005) use PYE for some experiments and M2G for others. 
The A22 concentration in their experiments is 10 µg/ml; a very high concentration 
compared to our MIC values (PYE 5 µg/ml, M2G 2.5 µg/ml). The morphology 
experiment shows that there is a change in cell shape at low concentrations. High A22 
concentration, on the other hand, does not affect morphology. The lacking effect on 
morphology may be the case because the cells are killed before the A22 has had time to 
exert its influence. This could indicate that A22 has another target besides MreB. 
Previous study has suggested that A22 does not block DNA replication in the cell (Gitai 
et al. 2005). However, our experimental results conflict with this. Although the DNA 
pulse labelling did not work well, we can still conclude that high A22 concentration 
(100 µg/ml) completely inhibited the DNA replication. If there is no replication, 
obviously there can be no chromosome segregation and that is maybe why Giati et al. 
(2005) did not have any chromosome segregation. Finally, the results from fluorescence 
microscopy indicate that A22 cause a dose-dependent delocalisation of GFP-MreB. The 
results do not reject A22 as a novel antibiotic but before claiming the A22 as a new 
efficient drug, more research needs to be accomplished. 
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5 Experimental Procedure 
5.1 Determination of MIC 
Caulobacter CB15N wild type and T167A mutant (A22 resistant) were grown overnight 
in a complex nutrient medium PYE (peptone-yeast extract) and a minimal medium 
M2G (minimal salt-glucose medium) at 30°C with constant shaking. Inoculate the cells 
(10µl for PYE, 50µl for M2G) to the fresh medium. A series of dilutions of A22 and 
kanamycin (control) were added and incubated overnight in shaking bath. Measured the 
OD600 and determined the MIC at the next day. 
 
5.2 Cell growth and morphology 
A pre-culture was prepared two days before the experiment. The next day 125 ml M2G 
medium filled into a 500 ml flask and inoculated by a calculated amount of pre-culture 
to ensure that the cells were growing exponentially next day. The flask was incubated 
over night in shaking bath at 30 ºC. At the day of the experiment the 125 ml M2G flask 
has an absorbance about 0.05 (600 nm). 25 ml of medium was transferred to 4 x 100 ml 
flasks and 0, 2.5, 10, 100 µg/ml A22 was added to the flasks. Samples were taken every 
0, 1, 2, 3, 4, 5, and 6 hours and OD was measured. To fix the cells, formaldehyde was 
added to the samples (except the 3-hour sample) resulting in a final concentration of 
2.5%, and after 15 min. the cells were spun down. The solution was disposed of and the 
pellet was dissolved in the remaining liquid. 4 µl of suspension was loaded on 1% 
agarose pads (0.5 ml). The slides were observed with light microscopy. 
 
5.3 DNA pulse labelling 
A pre-culture was prepared as mentioned before. A stock solution of 0.1 µCi/100µl base 
or nucleoside was added to sample tubes. Flasks containing a concentration of 0.05 OD 
C.crecentus and 0, 2.5, 10 and 100 µg/ml of A22 incubated at 30 ºC shaking bath. 1000 
µl sample was transferred to the tube with labelled nutrition and placed in a shaking 
bath for precisely 10 minutes. 0.1 ml 5 M NaOH was added to the cells and the tube 
was placed in 65 ºC for app. 30 min. The base stopped the incorporation, lysed the cell 
and the RNA was hydrolyzed. 4 ml ice-cold 20% trichloroacetic acid (TCA) was added 
to the tube to precipitate macromolecules such as proteins and DNA. It is important to 
whirl mix the solution carefully and subsequently the sample was placed on ice for at 
least 30 minutes. The tube was mixed again and filtered through glass fiber dishes. The 
filters were washed three times with 4 ml ice-cold 5 % TCA and then placed in counting 
vials. 0.5 ml of a TMP-elution solution was added to each vial and the tubes were 
shaken gently for 30 minutes. This treatment serves to elute the radioactive samples 
from the filters. 2.5 ml Scintillation liquid was added to the vials, lids were put on and 
the solutions were mixed before they were placed in the Scintillation counter.  
 
5.4 Fluorescence microscopy 
C. crescentus strain LS3814 was grown in M2G medium and induced with 0.2 % (w/v) 
xylose for two hours. The cells were concentrated by centrifugation. Thereafter the 
samples were loaded on 1% agarose pads (0.5 ml) with the appropriate concentrations 
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(0, 2.5, 10 and 100 µg/ml) of A22. Phase contrast and fluorescence images were taken 
after five minutes. 
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